Abstract: We report on the efficient diode-pumped continuous-wave laser operation of a Nd:YAG crystal at several wavelengths by using a simple and compact two-mirror laser cavity and an undoped YAG thin plate acting as a Fabry-Pérot (F-P) etalon. We thus obtain a high-power single-wavelength laser operation at about 1073 nm with a maximum output power of 5.58 W and a laser slope efficiency of about 36.6%, with respect to absorbed pump power, which is believed to be the highest output power ever obtained with Nd:YAG at 1073 nm. We also achieve dual-wavelength laser operation at 1064 and 1078 nm, with a maximum output power of 1.57 W, and triwavelength laser operation at 1061, 1064, and 1078 nm, with a maximum output power of 2.16 W. This is the first demonstration, to the best of our knowledge, of a diode-pumped Nd:YAG laser at 1078 nm.
Introduction
Over the past few decades, many diode-pumped solid-state and fiber laser systems have emerged through the development and commercialization of increasingly powerful laser semiconductor diodes emitting at different wavelengths. Among these, many laser systems based on a variety of Nd 3+ doped laser crystals emitting around 0.94, 1.06, 1.1, 1.3, and 1.4 m have been studied and operated for various applications in industry, defense and medicine [1] , [2] . This is the case, for instance, of Nd 3+ doped conventional single crystals like Nd:GGG [3] - [5] ; Nd:YGG [6] , [7] ; Nd:YVO 4 [8] , [9] ; Nd:GdVO 4 [10] ; Nd:YLF [11] , [12] ; and Nd:YAP [13] , [14] , as well as mixed and disorder crystals like Nd:GdYAG, Nd:LuYAG [15] , Nd:LuYSGG [16] , Nd: CNGG [17] , [18] , Nd:CLTGG [19] , Nd:GYSO [20] , and Nd:CaYAlO 4 [21] . However, Nd:YAG still remains the most popular laser crystal thanks to excellent optical and mechanical properties and numerous efficient emission transitions. For instance, in 2005, Cai et al. [22] reported the diode-pumped laser operation of a Nd:YAG laser crystal at 1123 nm with an output power of 2.6 W. In 2006, Zhou et al. [23] obtained an output power of 15.2 W at 946 nm with a laser slope efficiency of 45%. Three years later, Zhang et al. [24] developed a diode-side-pumped Nd:YAG laser at 1338 nm delivering an average output power up to 70 W. In 2009, Yu et al. [25] obtained laser operation at 1052 nm with a maximum output power of 5.28 W by using a Cr:YAG crystal as a frequency selector. In 2011, dual-wavelength CW laser action at 1074 and 1112 nm was reported with a total output power of 3.15 W [26] . In 2012, an eye-safe Nd:YAG laser pumped by a 885 nm laser diode was also reported at 1415 nm with an output power of 6.3 W [27] . Even more recently, diode-pumped single-wavelength Nd:YAG laser operation at 1073 nm was finally achieved by using an intracavity Fabry-Pérot (F-P) band-pass filter [28] . From all these works, it clearly appears that the achievement of laser operation at new laser wavelengths from excellent quality laser materials is still an interesting and popular research topic, especially for laser wavelengths having potentially important applications.
Carbon monoxide poisoning is a worldwide public health problem and optical measurements performed at specific wavelengths can lead to a rapid analysis and an accurate measurement of the carbonylhemoglobin content generated during the poisoning process. Indeed, hemoglobin and carbonylhemoglobin have different broad absorption peaks at about 555 and 538 nm [7] , [26] and lasers operating at these wavelengths would be very helpful. In fact, Nd:YAG has emission lines at 1073 and 1078 nm, which can be efficiently frequency doubled to the required green laser emission domain and for other important medical applications. However, at present, the Nd:YAG laser operation at 1073 nm is still very power limited and there has not been, so far, any report concerning the Nd:YAG laser operation at 1078 nm with a compact and efficient laser diode as pump source. Therefore, in this work, we have revisited these two important emission lines at 1073 and 1078 nm with a diode pumped Nd:YAG single crystal and by using a compact two-mirror laser resonator and an intracavity undoped YAG thin plate acting as an F-P etalon.
Experimental Details
The laser experimental setup is schematically shown in Fig. 1 . A commercially available fibercoupled diode laser with a core diameter of 400 m and a numerical aperture of 0.22 was used as pump source. The diode laser emitted at about 808 nm when operating at a maximum output power of about 35 W. A 50-mm doublet lens was used to collimate the pump beam and another 50-mm doublet lens was used to focus the pump beam into the laser crystal. Both doublet lenses were coated with high transmission at the pumping wavelength. The laser resonator was a simple two-mirror linear laser cavity. The input mirror (M1) is flat with a highly transmittive coating of about 91.5% at the pumping wavelength and a broad highly reflective coating of more than 99.9% from 1000 to 1200 nm. Two different plano-concave output couplers (M2) with radii of curvatures of 50 and 1000 mm were used. The 50-mm output coupler had a gradually increasing transmission from 5.33% at 1052 nm to 6.23% at 1078 nm and the 1000-mm one a transmission increasing from 10.68% at 1052 nm to 11.05% at 1078 nm.
The laser crystal was a 6-mm-long Nd:YAG with a doping concentration of 0.5at.%. In order to obtain a high output power, the Nd:YAG crystal was wrapped with indium foil and then mounted inside a copper block with temperature maintained at about 18°C. We also used an intracavity 0.11 mm thick etalon made of undoped YAG to act as a wavelength selector. Undoped YAG was chosen instead of BK7 or silica because of its larger refractive index. Indeed, according to the transmission expression of such an etalon (see, e.g., [5] ), a large refractive index material like YAG can lead to larger transmission differences (up to about 27% instead of 14% for BK7) between the laser wavelengths, thus allowing the possibility of favoring low gain over high gain laser emission lines and operating the systems at different wavelengths simultaneously with about the same laser thresholds and efficiencies.
Experimental Results and Analysis
The emission spectrum of the Nd:YAG crystal used in the experiments is shown in Fig. 2 . The optical spectrum analyzer (OSA, HP 70951B) used to register this spectrum had a spectral resolution of 0.08 nm. Such a spectral resolution explains why the highest emission peak is observed at 1063.99 nm instead of the generally accepted wavelength of about 1064.1 nm [29] . As mentioned in the introduction, at present, only the 1068.04 nm emission line has yet to be operated, likely because of its weak gain and too-close proximity with the other high gain emission lines. This also holds for the 1077.73 nm line, which has been reported only once in 1978 by using a Kr-arc lamp as pump source and an intracavity solid-state etalon. Fig. 3 shows the laser results obtained at 1064 nm in free-running mode. A maximum output power of 15.26 W with a laser slope efficiency of about 59.2% was achieved by using the 1000-mm output coupler. The output power and the slope efficiency reduced to 12.2 W and 49.1%, respectively, by using the 50-mm output coupler. The optimal length of each cavity was found equal to about 15 and 48 mm, respectively. The better laser performance obtained by using the short cavity mainly comes from the higher transmission of the 1000-mm output coupler. Moreover, a short cavity is also favorable for power scaling because of a larger thermal stability range. In fact, some saturation of the output power was indeed observed during the laser experiment with the 48-mmlong laser cavity, likely because of the thermal lensing effect occurring inside the laser crystal. Fig. 4 shows three typical simultaneous multiple-wavelength laser operations obtained by inserting the YAG etalon between the laser crystal and the 1000-mm output coupler. We first obtained [see Fig. 4(a) ] dual-wavelength laser operation at 1061 and 1064 nm with a maximum output power of 11.80 W and for an etalon tilted by about 3.5°. According to the transmission curve of this etalon, we could estimate that the transmission difference between the 1064 and 1061 nm laser lines was about 5.8%. Just because of this 5.8% additional loss, the 1061 nm line can oscillate together with the 1064 nm line. Increasing the tilt angle of the etalon to about 4.1°to introduce estimated transmission differences of about 8.8% and 3.5% between the 1073 nm line and the 1064 and 1061 nm lines, respectively, we achieved tri-wavelength laser operation at 1061, 1064, and 1073 nm with a maximum output power of 9.75 W. Further increasing the tilt angle to about 6.9°, to introduce then estimated transmission differences of about 11.5% and 5.3% between the 1052 nm line and the 1064 and 1073 nm lines, respectively, simultaneous tri-wavelength laser operation could be also achieved now at 1052, 1064, and 1073 nm with a maximum output power of 7.87 W.
The highest output power obtained in the past at 1073 nm with Nd:YAG was only 0.26 W and with a laser slope efficiency of 12.1% [28] . Dual-wavelength laser operation of Nd:YAG was also reported in 2011 at about 1073 and 1112 nm with 2.2 W at 1073 nm and 0.95 W at 1112 nm [26] . In the present work, thanks to a short laser cavity, it was possible to achieve single-wavelength laser operation at 1073 nm with more than 5 W by tilting the angle of the YAG etalon to about 9.1°. Indeed, with such tilt angle, the transmission differences introduced by the etalon were estimated to be about 16.5% between the 1073 and 1064 nm lines and about 7.6% between the 1073 and 1061 nm lines. Under such conditions, it was possible to achieve single wavelength laser operation at 1073 nm without lasing at 1064 or 1061 nm. Fig. 5 shows the laser output versus absorbed pump power curves and the laser spectrum obtained in these conditions. A maximum output power of about 5.58 W with a laser slope efficiency of about 36.6% was obtained with a 15-mm long cavity and a 1000-mm (radius of curvature) output coupler. The laser spectrum shows that the peak wavelength is about 1073.66 nm. The SNR of the laser spectrum is more than 42 dBm, which indicates a pure single wavelength lasing. A By measuring the power every ten seconds, we estimated the maximum output power stability of the short cavity laser to about 3.2% (RMS) in half an hour, which is quite good considering the relatively high output power of this 1073 nm laser. The output beam quality was also investigated by measuring the beam propagation factor M 2 (see Fig. 6 ). The M 2 values measured in the x and y directions were found to be about 1.31 and 1.27, respectively, which indicates that the output beam of the 1073 nm laser was nearly diffraction limited. Such a good beam quality should be attributed to the use of a nearly flat-flat laser cavity.
Concerning now the low gain emission line at 1078 nm, which is assigned [29] to an emission transition between the Stark levels R1 ( 4 F 3/2 ) and Y4 ( 4 I 11/2 ), no laser operation has been reported so far under diode laser pumping. Moreover, as, at the beginning of our laser experiments, we could not achieve laser action at this wavelength by using the same output couplers as above. Because of transmissions that were too high, we finally used a new output flat mirror with a transmission of about 2.3% at 1078 nm (2.2% at 1064 nm). Laser emission was finally obtained at 1078 nm with a laser cavity length optimized to about 15 mm and a YAG etalon tilted by about 27.6°, which introduced a transmission difference of about 25.8% between the 1078 and 1064 nm lines. Under these conditions, the threshold absorbed pump power increases up to about 2.54 W, and it is achieved a maximum output power of 2.16 W with a laser slope efficiency of about 12.7%. However, as shown in Fig. 7(b) , single wavelength laser operation at 1078 nm was only observed around laser threshold and the laser emission intensity at 1064 nm rapidly increases and becomes comparable to the 1078 nm one, with a total output power of about 1.57 W, at a pump power of about 15.2 W [see Fig. 7(c) ]. Further increasing the pump power, a third lasing wavelength at 1061 nm can be observed [see Fig. 7(d) ], and finally, the total maximum output power of the simultaneous tri-wavelength laser system at 1061, 1064, and 1078 nm reached about 2.16 W. The nonlinearity of the output versus pump power curve shown in Fig. 7(a) is attributed to the mode competition among these lasing wavelengths. At the maximum output power, the stability of the total output power was measured to be about 4.3% (RMS) in half an hour. Finally, since we could not separate the newly achieved 1078 nm laser from the tri-wavelength laser, we measured the output beam propagation factor of the combined tri-wavelength laser to be about 1.82 and 1.56 in the x and y directions (see Fig. 8 ). 
Conclusion
We report on the diode-pumped continuous-wave laser operation of Nd:YAG in a simple and compact two-mirror laser cavity at different wavelengths. Based on a more than 15 W 1064 nm single wavelength laser operation, high-power single-and multi-wavelength laser operations were demonstrated, providing potential laser sources for THz wave generation. Single wavelength lasing at 1073 nm was thus achieved with a maximum output power of 5.58 W and a laser slope efficiency of about 36.6%. Simultaneous dual-wavelength laser operation at 1064 and 1078 nm and tri-wavelength laser operation at 1061, 1064, and 1078 nm with output powers of about 1.57 W and 2.16 W, respectively, were also obtained. Only the single wavelength 1064 nm laser operation was obtained in free-running mode without intracavity etalon. The other laser lines were obtained by introducing an undoped YAG thin plate acting as a F-P etalon to modulate the intracavity losses. The YAG etalon is characterized by a higher refractive index than the commonly used BK7 glass which allows for larger transmission differences between adjacent laser lines and, thus, an improved laser wavelength selectivity. Single-wavelength laser operation at 1078 nm was only obtained near laser threshold but could be easily realized at higher pump powers by using an output mirror with a higher transmission at 1064 nm.
